Abstract. Coda waves are the late arriving portion of bulk or guided waves, and are the result of scattering of the waves due to heterogeneities in the material. Since these waves interact with a region multiple times, the effect of otherwise undetectable changes in material and/or stress state accumulates and becomes detectable. This work examines the feasibility of detecting incipient fatigue damage in CFRP sample with coda wave analysis. Specimens are subjected to low cycle fatigue in a four-point bend set-up. Ultrasonic measurements are periodically taken perpendicular to the direction of loading during the fatiguing process after removing all loads. Detection and reception sensitivity of coda waves in composites are studied. Also studied are the effects of the coupling between the transducer and sample for a reliable and repeatable measurement.
INTRODUCTION
Fatigue damage is one of the most of the most difficult physical states to detect in composites. Often it is only detectable with current NDE techniques when the damage has progressed to the extent that the structure has already lost a significant amount of the original design strength. Fatigue damage in composites starts as small micro-cracks with lengths that are on the order of the lamina thickness. As fatiguing increases, these micro-cracks become evenly distributed until a critical crack density is reached and then they begin to grow and connect and create delaminations. These micro-cracks are generally perpendicular to the laminate plane and hence are difficult to detect using normal incidence ultrasound.
Estimating the accumulated micro-cracking density in composites is the key for early detection and mitigation of damage that could eventually lead to catastrophic failure. It is the sudden catastrophic failure of composites that occurs without precursors that hinders their use as main load bearing structural members. Acoustic testing has proven to be very useful in detecting cracks and delaminations in composites when the wavelength is equal to or greater than the length of the crack. Micro-cracks, on the other hand, fall in the Rayleigh scattering regime, and since there are many other constituents of the composite that also cause Rayleigh scattering, the micro-crack is obfuscated. The detection of the micro-cracks then becomes a problem of sifting through the diffuse field.
Coda Wave analysis examines the information-rich late arriving portion of an elastic wave that has propagated through a scattering medium. What was once thought of as noise has been shown to be highly repeatable and sensitive to small changes in both seismology and the NDE of concrete [1] [2] [3] [4] [5] [6] . Coda waves have been used to determine third order elastic constants [9] , stress changes in large, complex bodies [7] , and detect damage and microcracking in concrete [8, 10] . Little to no work has been published concerning coda wave in advanced composites.
This study examines the feasibility of using Coda Wave analysis to detect and track fatigue damage in advanced CFRP composites. Samples are fatigued using low cycle fatigue in a four-point bend set-up. Ultrasonic measurements are taken periodically throughout the fatiguing process. Coda Wave Interferometry is applied to the collected signal to determine if damage is detectable. We also examine the repeatability and reliability of coda wave detection.
THEORY

Cross-Spectral Moving Window Technique
The Cross-Spectral Moving Window Technique (CSMWT) involves calculating the phase delay of a windowed portion between a disturbed and reference time domain signal. The window has length L and center time tc, and is incremented simultaneously by time step t through both signals. Each windowed signal is transformed into the frequency domain using an FFT for each time step. The cross spectrum is then calculated for each pair of data windows by multiplying one frequency domain signal by the complex conjugate of the other frequency domain signal:
Where S1(tc,f) and S2(tc,f) are the windowed signals at elapsed time tc in the frequency domain, S12(tc,f) is their cross spectrum, and the asterisk indicates complex conjugation. The cross spectral phase then gives the time delay for each pair of windows.
This converts all phase information into time delay that can be fit to find the relative time delay for the entire signal. The relative velocity change of the coda wave for each window pair is given by:
The correlation of the two windowed signals can then be found as:
Where h is the original signal in the time domain and h' is the disturbed signal.
Coda Wave Interferometry
Coda wave interferometry (CWI) uses the values of the correlation coefficient (4) and the time lag (2) calculated in corresponding pairs of time windows from the late arriving part of an ultrasonic signal that contain multiply scattered waves. These waves have interacted with a region multiple times and therefore small effects, such as a small velocity change or new microcracks, accumulate and may become detectable. Different changes can be distinguished in the coda due to the dependence of CC(tc) and (tc) on the scattering within the medium caused by different damage processes. A short overview is given by Stahler and Sens-schonfelder.
1. If the time lag (tc) changes proportionately to tc, but the correlation coefficient CC(tc) is constant, then the wave velocity has been modified in the medium which is due to a large scale stress change. This is shown by the acoustoelastic effect.
If the time lag (tc)
is roughly zero irrespective of tc but the correlation coefficient changes with tc, then the number, kind, or location of the scatterers has changed. This means that new cracks have formed or existing cracks have grown.
EXPERIMENTAL CONFIGURATION
The samples considered in this study are fabricated using unidirectional Carbon Fiber Reinforced Polymer (CFRP) prepreg and are cured in a heated press. They consist of 48 layers with the stacking sequence [90/45/-45/90)6]s. After fabrication, the laminates are examined for defects with immersion scanning, and 6 x 4 x 0.25 inch (1, 2, and 3 directions respectively) samples are cut out from defect free areas.
Ultrasonic Set-up
A pair of 0.5 inch, 1 MHz, longitudinal transducers from Panametrics are attached to the samples using dry film couplant or Crystalbond 555. The input signal is a 1 MHz, 120 cycle toneburst with amplitude of 0.5 Vpeak-to-peak, and is produced by an Agilent 33250A function generator. The signal is then amplified by 50 dB. The received signal is amplified by a Panametrics pulser receiver, digitized by a LeCroy Waverunner oscilloscope, transferred to a computer and stored for later processing. The transducers are attached so that the longitudinal wave will propagate through the damage region in the width direction. A jig is used to ensure transducer alignment and repeatable positioning. 
Interrupted Fatigue
Samples are subjected to interrupted, load controlled, low cycle fatigue in the four-point bend configuration sown in Fig. 2 . The load is cycled from 450 lb to 4500 lb with an amplitude of 3 Hz. A sample is considered to have failed if the displacement exceeds 110% of the average displacement at peak load. An interlock is set to prevent catastrophic failure. The fatigue process is interrupted at predetermined numbers of fatigue cycles (10, 100, 500 etc.) and the sample is removed from the fixture so that ultrasonic scans can be taken. Fatiguing is continued until the sample has failed. The four-point bend configuration was chosen so that all of the fatigue damage will occur within the center two inches of the sample. 
Repeatability Tests
Several tests are performed in order to determine the repeatability of coda wave analysis in advanced composites and the effect of different elements of the ultrasonic set-up. Five scans are collected from an undamaged sample for each test, and their amplitude and phase spectra are compared. To test the repeatedly of the system and coda waves in composites, received signals are repeatedly collected without changing any part of the set-up. The sensitivity of the received signal to various gain settings on the preamplifier is tested by collecting signals at different gain settings without changing any other part of the set-up. Finally, the sensitivity of the received signal to the transducer coupling is tested by decoupling and recoupling the transducers without changing any other part of the set-up.
RESULTS AND DISCUSSION
Initial scans are taken at specified numbers of fatigue cycles during the interrupted fatigue process. The evolution of coda wave relative velocity changes and correlation coefficients are extracted using CSMWT. Here a fixed reference signal from before the fatiguing process is used as opposed to calculating the difference between two successive scans. Figure 3 shows the comparison of the correlation coefficient and relative velocity change evolution for the damage and reference samples. The reference sample did not undergo fatigue cycling, and the number of fatigue cycles just refers to the number of fatigue cycles the damaged sample has undergone when the reference sample is scanned.
The data oscillates significantly for both the damage and reference samples, and no trend correlates to increasing number of fatigue cycles. Theoretically the coda wave should be highly repeatable, which means that the correlation coefficient should be constant and the relative velocity change should be zero for the reference sample.
Comparing the amplitude and phase spectra of the scans (Fig. 4) shows the reason no monotonic trend could be extracted from the coda wave analysis of the damaged sample and why the results for the reference sample do not conform to what is expected from theory. There is a lot of variance in both the amplitude and phase spectrums for both samples. New features are apparent in the different plots of the amplitude spectrums (Fig. 4 (a) and (c) ). There is also no trend in the amplitude as fatigue cycle number increases for the damage sample, and the amplitude for the reference sample is variable when it should be identical. The same is true for the phase spectrums (Fig. 4. (b) and  (d) ). This indicates that either the coda wave propagation is not as repeatable as theory suggests or that there is a variance somewhere in the ultrasonic set-up. Examining the spectra of repeated scans taken on the reference sample without changing any part of the system (Fig. 5) shows that both the phase spectra ((a)) and the amplitude spectra ((b)) for all five scans are nearly identical. Small phase differences exist, and these occur when the sample width is roughly a multiple of the wavelength. There are also small amplitude differences that occur at some of the maxima. These differences may indicate a small amount of system drift or interference.
The results from this test do not show any of the drastic variances from the initial testing (Fig. 4) . This means that coda wave propagation through CFRP is very repeatable when no part of the system is changed. This also means that monitoring increasing fatigue damage in CFRP is plausible assuming that coda waves are as sensitive to increasing number of cracks as theory suggests and that the instruments are sensitive enough to detect the changes.
(a) (b)
FIGURE 5. Spectral analysis of the ultrasonic system repeatability with the (a) phase spectrum and the (b) amplitude spectrum. Figure 6 shows the spectra of repeated scans taken on the reference sample while changing the gain settings on the preamplifier and holding everything else constant. Identical structures can be observed in the phase spectra ((a)) of the five scans, though the -6 dB plot sees a positive jump in phase between 0.65 and 0.68 MHz while the other four plots see a negative jump of the same amplitude. This is not due to the phase unwrapping as there are approximately 30 data points in this jump. Jumps in phase caused by unwrapping should occur only between two consecutive data points. The region between 0.65 and 0.68 MHz is a region of slight misalignment for the other signals as well. This indicates that some electrical component of the preamplifier is becoming saturated around +6 dB of attenuation and is adding phase to the signal. All five plots are nominally the same for the amplitude spectra ((b)) with small amplitude differences throughout. This indicates that the gain settings are slightly off (e.g. -3 dB is actually -2.9 dB).
(a) (b) FIGURE 6. Spectral analysis of the effect of variable gain on system repeatability with the (a) phase spectrum and the (b) amplitude spectrum. Figure 7 shows the spectra of repeated scans taken on the reference sample without changing the system setting, but decoupling and recoupling the transducers with dry film couplant for each scan. Here, variances in both the phase and amplitude spectra can be seen to be similar to the variances from the initial scans (Fig. 4) . It is clear from this test that small changes in coupling greatly affect the coda wave.
Examining the phase spectra ( Fig. 7 (a) ) shows that only plots 1 and 5 seem to have similar phase, but nearly identical structures are present in all plots. The separation in the plots can be reduced to nearly zero if the phase jumps are eliminated. Consider the region between 0.85 and 1.15 MHz. The plots are nearly identical, but are separated. The reason for the separation is the phase jump at roughly 0.85 MHz. There are five drastic phase jumps that occur at roughly 0.5, 0.65, 0.85, and 1.15 MHz and separate the plots. These phase jumps are similar to the phase jump that occurred in Fig. 6 , and indeed, one of the jumps occurs at the same frequency. All of the jumps occur when the width of the sample is an even multiple of the wavelength.
The amplitude comparison (Fig. 7 (b) ) shows that plots 2-5 have very similar structures but with varying amplitudes. Plot 1 does not seem to conform at all. The peak frequency of plots 2-5 has turned into a zero point for plot 1 and the structures of plot 1 are disproportionate to the other plots. Zero points (values from 1e-6 to 1e-3) are present in all five plots and occur at the same frequencies as the phase jumps.
Observations of these spectra show two distinct periodic patterns, amplitude zero points (large phase jumps) and sharp amplitude peaks. The amplitude zero points only occur when the sample width is roughly 8, 10, 14, and 20 wavelengths. This means that these low amplitude points are most likely caused by reflections. The amplitude peaks occur with a f that is roughly equal to the phase velocity over two times the sample width. Therefore the amplitude peaks are most likely caused by the sample resonating.
(a)
(b) FIGURE 7. Spectral analysis of the effect of film couplant Figure 8 shows the spectra from the same test as Fig. 7 , but using Crystalbond 555 instead of dry film couplant. The phase and amplitude spectra are nearly identical for both scans. This shows that Crystalbond provides results that are much more repeatable than those from the dry film couplant. These spectra also show behavior that is much improved compared to the spectra obtained using the dry film couplant. The differences in the repeatability of the two couplants are demonstrated in Fig. 9 . Here the damaged sample was scanned twice with each couplant with decoupling and recoupling the transducers between scans. The spectra of the dry film couplant ((a) and (b)) show drastic differences while the spectra of the Crystalbond couplant ((c) and (d)) are nearly identical. This gives further evidence that coda wave propagation in CFRP is very repeatable, even in a damaged region. 9 . Demonstration of the improved repeatability of the Crystalbond couplant on the fatigued sample with the (a) amplitude spectrum using the film couplant, the (b) phase spectrum using the film couplant, the (c) amplitude spectrum using the Crystalbond couplant, and the (d) phase spectrum using the Crystalbond couplant.
CONCLUSION
Theoretically, the changing number of fatigue cracks in CFRP should be detectable using coda wave analysis. This study examines the sensitivity of coda waves to the different elements of the ultrasonic system set-up in order to demonstrate that increasing fatigue damage in CFRP should be monitorable with coda wave analysis. Coda wave propagation and reception is shown to be repeatable in CFRP composites, even in a damage zone. The reception of the coda wave is highly sensitive to the transducer coupling, therefore a semi-permanent couplant such as Crystalbond 555 is recommended because the coupling is not pressure dependant.
Future work includes mapping the system response in order to deconvolve the effects of the system from the received signal, exploring transducers of different frequencies, examining spike and chirp inputs, as well as exploring different types of transducers. The coda wave algorithm should also be improved to better extract differences.
